Aims/hypothesis Sirtuin (SIRT)3 is a mitochondrial protein deacetylase that regulates reactive oxygen species (ROS) production and exerts anti-inflammatory effects. As chronic inflammation and mitochondrial dysfunction are key factors mediating pancreatic beta cell impairment in type 2 diabetes, we investigated the role of SIRT3 in the maintenance of beta cell function and mass in type 2 diabetes. Methods We analysed changes in SIRT3 expression in experimental models of type 2 diabetes and in human islets isolated from type 2 diabetic patients. We also determined the effects of SIRT3 knockdown on beta cell function and mass in INS1 cells. Results SIRT3 expression was markedly decreased in islets isolated from type 2 diabetes patients, as well as in mouse islets or INS1 cells incubated with IL1β and TNFα. SIRT3 knockdown in INS1 cells resulted in lowered insulin secretion, increased beta cell apoptosis and reduced expression of key beta cell genes. SIRT3 knockdown also blocked the protective effects of nicotinamide mononucleotide on proinflammatory cytokines in beta cells. The deleterious effects of SIRT3 knockdown were mediated by increased levels of cellular ROS and IL1β. Conclusions/interpretation Decreased beta cell SIRT3 levels could be a key step in the onset of beta cell dysfunction, occurring via abnormal elevation of ROS levels and amplification of beta cell IL1β synthesis. Strategies to increase the activity or levels of SIRT3 could generate attractive therapies for type 2 diabetes.
Introduction
Type 2 diabetes develops when pancreatic beta cells lose the ability, through loss of function and mass, to compensate for insulin resistance [1] [2] [3] [4] . This leads to hyperglycaemia, glucose intolerance and onset of type 2 diabetes [1] [2] [3] [4] . Hence, an understanding of the mechanisms responsible for reduced beta cell function and mass is essential for the development of strategies to prevent the onset of overt type 2 diabetes.
The precise mechanisms responsible for beta cell failure in type 2 diabetes are complex and have yet to be fully described, but chronic inflammation is increasingly implicated. Type 2 diabetes is a progressive inflammatory state, characterised by abnormally elevated islet levels of proinflammatory cytokines, such as IL1β and TNFα, which have been demonstrated to suppress beta cell function and mass [5] [6] [7] [8] [9] .
Our recent studies expanded this concept by describing a central role for the NAD + synthesising enzyme, nicotinamide phosphoribosyltransferase (NAMPT), in protecting mouse islets from the deleterious effects of pro-inflammatory cytokines [10] . NAMPT catalyses the conversion of nicotinamide to nicotinamide mononucleotide (NMN), which is in turn converted to NAD + by NMN-acetyltransferases [11] . NAMPT exists in intra-and extracellular forms; however intracellular NAMPT abundance is low in mouse islets and rat INS1 cells [12] (Caton and Sugden, unpublished observations), suggesting a reliance on circulating extracellular NAMPT for maintenance of adequate NAD + levels. Consistent with this idea, Nampt +/− mice develop impaired islet function, in association with lowered plasma NMN levels, while exogenous administration of NMN restored islet function in these mice (12) . In addition, our recent work demonstrated that exogenous NMN exerts antiinflammatory effects on islets in a mouse model of type 2 diabetes and in isolated mouse islets exposed to proinflammatory cytokines [10] .
The mechanism of action of NMN in islets is unclear. NAD + is an essential cofactor for the activation of sirtuin (SIRT) enzymes (SIRT1 to 7), which control a number of metabolically important processes, predominantly through their function as protein deacetylases [13] . SIRT1 is reported to improve islet function [14] [15] [16] , in part through anti-inflammatory mechanisms [17] . Interestingly, we have previously reported that a SIRT1 inhibitor (EX527) only partially blocked the effects of NMN in mouse islets, suggesting the potential involvement of additional members of the SIRT family in mediating the effects of NMN [10] . However, little is known about the role of the remaining SIRTs in islet beta cell function. Recent studies have highlighted a central role for mitochondrial dysfunction in pancreatic beta cell dysfunction [18] , while other reports have demonstrated that mitochondrial proteins undergo significant levels of acetylation [19] and that stringent control of relevant acetylase and deacetylase activities is required to maintain appropriate mitochondrial function. To further elucidate the mechanisms of action of NMN, we assessed the role of the major mitochondrial SIRT, SIRT3 [20] , in beta cell function. SIRT3 has not been previously reported to have functions in islets or beta cells; however, in other tissues, SIRT3 reportedly provides protection against inflammation [21] and apoptosis [22] , in part by lowering reactive oxygen species (ROS) [21, 23] , thus indicating that SIRT3 may exert a protective role in beta cells.
Methods
Cell culture and transfection INS1 beta cells were cultured in RPMI 1640 medium containing 10% (vol./vol.) FBS, 10 mmol/l HEPES, 2 mmol/l L-glutamine, 1 mmol/l sodium pyruvate and 50 μmol/l β-mercaptoethanol. Cells were transfected with SIRT3-specific small interfering (si) RNA (siSirt3; 72 h; 75-150 nmol/l; Dharmacon, Lafayette, CO, USA) or with scrambled siRNA control (Ambion, Paisley, UK) using OligofectAMINE (Invitrogen, Paisley, UK). Alternatively, INS1 cells were incubated for 48 h with combinations of IL1β (2.5-5.0 ng/ml), TNFα (5-10 ng/ml) (both R+D Systems, Abingdon, UK) or NMN (100 μmol/l; Sigma-Aldrich, Poole, UK), and for 2 h with BAY-7082 (20 μmol/l; Cayman Chemical, Ann Arbor, MI, USA) or UO126 (10 μmol/l; Cell Signaling Technology, Danvers, MA, USA). After incubation, cells were either lysed for protein and gene expression analysis, or incubated with leucine (3 h; 20 mmol/l) in Hanks' balanced salt solution containing 17 mmol/l glucose, 10 mmol/l HEPES (pH 7.4) and 0.2% BSA (wt/vol.) to induce insulin secretion, or they were processed for measurement of caspase 3 activity or ROS levels.
Experimental animals Male C57Bl/6 mice (7 weeks old) (Charles River, Margate, UK) were fed a high-fat, highcarbohydrate 'Western diet' (HFD) (5TJN; TestDiets, Richmond, IN, USA) or a low-fat control diet (LFD) (5TJS; TestDiets) for 16 weeks. Separately, 7-week-old C57Bl/6 mice previously maintained on a standard rodent diet were fasted for 24 h prior to tissue sampling. Animal experiments were conducted in accordance with the Home Office regulations on the Operation of Animals (Scientific Procedures) Act 1986, published by Her Majesty's Stationery Office (London, UK), and the study was conducted in accordance with the Principles of Laboratory Care. Animals were maintained on a 12 h light and 12 h dark cycle (light from 07:00 h).
Quantitative RT-PCR and immunoblotting of mouse and INS1 samples Gene expression and protein levels were measured as previously described [10] . See electronic supplementary material (ESM) Methods for further details.
Mouse pancreatic islet isolation and ex vivo insulin secretion Mouse pancreases were isolated as previously described [10] . Insulin secretion assays were conducted in batches of eight to ten size-matched islets, as previously described [10] .
Measurement of apoptosis Levels of apoptosis in INS1 cells were estimated by fluorescence measurement of caspase 3 activity (Cayman Chemical).
Cellular ROS measurement Intracellular ROS levels were measured by a fluorescence method using the fluorescent probe 5-(and-6)-chloromethyl-2,7-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular Probes, Paisley, UK). Full details are provided in the ESM Methods.
Real-time quantitative PCR of human samples Pancreases were obtained with the approval of the local ethics committee and consent by donors' relatives. Experiments were performed as previously described [24] . Total RNA (1 μg) was extracted from human islets removed from five nondiabetic and four type 2 diabetic individuals (ESM Table 1 , ESM Methods), and reverse-transcribed with a kit (iScript cDNA Synthesis; Bio-Rad, Segrate, Italy) The mRNA expression of SIRT3 (Eurogentec, Southampton, UK) was quantified and normalised against β-actin, as previously described, in a bioanalyser (Applied Biosystem 7700; Applied Biosystems, Monza, Italy). Gene expression was determined by 2 À$$C t methodology, normalised against the reference gene β-actin. Changes in gene expression are represented as fold change relative to one, where control equals one.
Ex vivo insulin secretion from human islets The details of these experiments have been provided elsewhere [24] [25] [26] . Briefly, islet samples were kept for 45 min at 37°C in KRB, 0.5% (vol./vol.) albumin, pH 7.4, containing 3.3 mmol/l glucose (washing phase). Then the medium was replaced with KRB containing 3.3 mmol/l glucose to assess basal insulin secretion for 45 min, after which the islets were challenged with 16.7 mmol/l glucose to assess glucosestimulated insulin release. Insulin was quantified using an immunoradiometric assay (Pantec Forniture Biomediche, Turin, Italy).
Immunohistochemistry of human pancreatic sections Pancreases were obtained with the approval of the local ethics committee and consent by donors' relatives. Serial sections (4 μm), fixed in buffered formalin and paraffin-embedded, were cut from each case and mounted on glass slides coated in (3-aminopropyl)-triethoxysilane (Sigma). Sections were processed and labelled using a standard immunoperoxidase technique for paraffin sections. Antigens were unmasked by heat-induced epitope retrieval in 10 mmol/l citrate buffer, pH 6.0. Primary antibody (SIRT3; Millipore, Watford, UK) was applied overnight at 4°C (1:100). A detection system (REAL Envision; Dako, Cambridge, UK) was used for antigen detection. For details of human donors [27] [28] [29] , see ESM Methods and ESM Table 2 .
Immunofluorescence of human and mouse pancreatic sections To examine the islet cell subtypes producing SIRT3, double immunofluorescence staining was performed on sections that had been fixed in buffered formalin and paraffin-embedded. Rabbit antiserum with specificity for SIRT3 was incubated overnight at 4°C at 1:50 (human) or 1:100 (mouse) dilution, and SIRT3 was detected with goat anti-rabbit AlexaFluor 568 (1:400; human) or goat anti-rabbit AlexaFluor 488 (1:1,000; mouse) conjugated secondary antibody (Invitrogen). Sections were then washed and stained (1 h) for islet hormones: guinea pig anti-insulin (Dako) or mouse anti-glucagon (Abcam, Cambridge, UK) for human pancreas and guinea pig antiinsulin (Abcam) for mouse sections. Immunopositivity was detected with an appropriate goat secondary antibody conjugated with AlexaFluor 488 (1:400; human) or AlexaFluor 647 (1:1,000; mouse). DAPI (1:1,000, Invitrogen) was included in the final incubation step to stain cell nuclei. Sections were mounted in a hard-set mounting medium (Vectashield; Vector Laboratories, Peterborough, UK) under glass coverslips. Human pancreatic sections were analysed using a microscope (Eclipse 80i; Nikon, Kingston upon Thames, UK) and images overlaid using NIS-Elements BR 3.0 software (Nikon). Mouse pancreatic sections were analysed using an epifluorescent microscope (DM5000; Leica, Milton Keynes, UK) and Leica Application Suite software.
Statistical analysis Results are expressed as mean ± SEM. Statistical comparisons were obtained using GraphPad (GraphPad Software, San Diego, CA, USA). Statistical differences were calculated using a paired t test or one-way ANOVA followed by Bonferroni's post hoc test where appropriate.
Results

SIRT3 protein is present in mouse islets and rat INS1 beta cells
The presence and function of SIRT3 has not been previously examined in pancreatic islets. To address this, we initially sought to confirm the expression of this SIRT in normal mouse islets and rat INS1 cells. Using mouse liver as a positive control, we confirmed by immunoblotting that SIRT3 is present in mouse pancreatic islets (Fig. 1a) . We next sought to identify the islet cellular localisation of SIRT3. Immunoblotting also confirmed that SIRT3 is present in the rat beta cell line, INS1 (Fig. 1b) . Immunofluorescence analysis of mouse pancreatic sections demonstrated that SIRT3 co-localised with insulin, indicating that SIRT3 is present in beta cells of mouse islets (Fig. 1c) . To examine SIRT3 in human islets, we used pancreas sections obtained from non-diabetic human donors. Immunohistochemical analysis confirmed that SIRT3 localised to endocrine cells within human islets, but was absent from non-endocrine pancreas (Fig. 1d) . However, in contrast to observations in mouse islets, immunofluorescence analysis suggested that alpha cell staining was most intense in human islets (Fig. 1e) , although clear immunostaining for SIRT3 was also present in insulin-positive beta cells (Fig. 1f) .
Beta cell SIRT3 levels are suppressed by pro-inflammatory cytokines Culture of INS1 cells with IL1β (2.5-5.0 ng/ml) and TNFα (5-10 ng/ml) for 48 h resulted in significant reductions of SIRT3 levels (Fig. 2a) and Sirt3 mRNA expression (Fig. 2b) . Moreover, 48 h incubation with TNFα and IL1β significantly suppressed Sirt3 mRNA in isolated mouse islets in culture (Fig. 2c) . Our previous studies described a protective effect of NMN in mouse islets exposed to chronic inflammatory conditions (10) . Consistent with these findings, co-incubation of INS1 cells with NMN blocked the suppressive effects of IL1β and TNFα on SIRT3 levels, restoring Sirt3 mRNA and SIRT3 to basal levels (Fig. 2d, e) . Taken together, these data show that in INS1 cells, SIRT3 protein and Sirt3 gene are suppressed by exposure to pro-inflammatory cytokines and that these effects are attenuated by NMN.
Islet expression of SIRT3 mRNA is decreased in type 2 diabetic humans To examine the relevance of SIRT3 in humans, we next measured SIRT3 mRNA expression in islets isolated from human patients with type 2 diabetes, an average disease duration of 8 years and blood glucose values of 10.4 mmol/l (full details, see ESM Table 1 ). Our findings demonstrated significant decreases in SIRT3 mRNA (~60%) in type 2 diabetic compared with non-diabetic control islets (Fig. 3a) . Reductions in SIRT3 were associated with suppressed insulin secretion in these islets (Fig. 3b, c) , consistent with a role for SIRT3 in the pathophysiology of beta cell dysfunction in human type 2 diabetes.
Fasting decreases islet levels of SIRT3 To assess changes in SIRT3 levels in response to changes in nutritional status, islets were isolated from C57Bl/6 mice that had been fasted for 24 h after previously being maintained on a standard rodent diet. Expression of Sirt3 was markedly decreased in islets isolated from fasted mice compared with those isolated from fed mice (Fig. 3d) . Lower Sirt3 expression was associated with decreased ex vivo insulin secretion in response to glucose (17 mmol/l) (Fig. 3e) and leucine (20 mmol/l) (Fig. 3f) , together with decreased plasma insulin and glucose levels (ESM Fig. 1a, b) . Thus, lower Sirt3 expression is associated with altered regulation of islet insulin secretion and whole-body insulin levels in response to nutritional deprivation.
Islet expression of Sirt3 is altered in HFD-fed mice and may mediate islet compensation We next examined changes in Sirt3 expression in islets isolated from an HFD-mouse model of metabolic disease. HFD mice displayed: (1) increased levels of plasma insulin and glucose (ESM Fig. 1c, d) ; and (2) parallel decreases in liver and skeletal muscle abundance of phospho(Ser473)-Akt (ESM Fig. 1e) , both of which are indicative of insulin resistance. However, ex vivo insulin secretion was unchanged in HFD mice compared with LFD controls (Fig. 3g, h ). Since insulin resistance would normally be expected to result in islet compensation and increased insulin secretion [1] [2] [3] [4] , these results, taken together, suggest partially impaired islet function. Interestingly, in this model, islet Sirt3 mRNA expression was mildly but non-significantly increased in HFD animals (Fig. 3i) , which may be indicative of a role for SIRT3 in mediating islet compensation for insulin resistance.
SIRT3 knockdown impairs beta cell function and increases beta cell apoptosis To determine specific effects of SIRT3 on beta cell function, we used specific Sirt3 siRNA (siSirt3). SIRT3 levels and Sirt3 mRNA expression were decreased by~75% and~62%, respectively, in INS1 beta cells incubated with siSirt3 (72 h; 75-150 nmol/l) (Fig. 4a, b) . These changes are of a similar magnitude to those observed following cytokine-incubation (Fig. 2) , and thus potentially represent pathophysiological conditions. SIRT3 knockdown did not significantly affect the mRNA expression of other SIRTs (ESM Fig. 2 ). SIRT3 knockdown in INS1 cells impaired leucine-stimulated insulin secretion by~32% (Fig. 4c ) and increased caspase 3 activity by 5.9-fold, suggesting a rise in apoptosis (Fig. 4d) . However, it is not possible to definitively determine from these data whether the suppressed insulin secretion occurred as a consequence of decreased cell viability or via a primary defect in stimulussecretion coupling.
Consistent with previous studies in other tissues [23] , lowering of SIRT3 levels led to a marked increase in cellular levels of ROS in INS1 cells (Fig. 4e) . ROS exerts a variety of toxic effects on pancreatic beta cells [18] and may provide a mechanism for the observed beta cell defects in response to SIRT3 suppression. 
SIRT3 knockdown blocks the beneficial actions of NMN in beta cells
We next sought to determine the role of SIRT3 in mediating the beneficial effects of NMN on beta cells. As expected, the incubation of INS1 cells with IL1β and TNFα led to a marked suppression of insulin secretion, which was reversed by co-incubation with NMN. Crucially, these effects of NMN were almost completely blocked when SIRT3 was knocked down by siSirt3 (Fig. 4f) . Proinflammatory cytokines can induce apoptosis, leading to reduced beta cell mass [8] . Consistent with this, the incubation of INS1 cells with TNFα and IL1β led to a marked increase in caspase 3 activity, which was blocked by NMN. The effect of NMN on caspase 3 activity was prevented when SIRT3 levels were lowered with siSirt3 (Fig. 4g) . Similarly, NMN blocked pro-inflammatory cytokinemediated increases in cellular ROS levels, these affects being reversed by SIRT3 knockdown (Fig. 4h) . Taken together, these data show that SIRT3 plays an important role in mediating the protective effects of NMN on beta cells exposed to chronic inflammatory conditions.
Effects of SIRT3 knockdown on beta cell gene expression Our previous studies reported that, in mouse islets, NMN functions in part by correcting pro-inflammatory cytokinemediated suppression of genes that are crucial for beta cell function [10] . We showed here that incubation of INS1 cells with Sirt3 siRNA or pro-inflammatory cytokines leads to a marked decrease in mRNA expression of Pdx1, Mafa, Ins1 and Slc2a2 (Fig. 5a-d ). Pdx1 and Mafa are crucial for beta cell development and also function as transcription factors for other important genes, including insulin (Ins1) and Slc2a2 (essential for glucose uptake into the beta cell) [30] [31] [32] [33] [34] . For all these genes, incubation with Sirt3 siRNA caused a similar level of suppression as incubation with TNFα and IL1β. Similar to previous observations in mouse islets [10] , NMN blocked the effects of TNFα and IL1β on beta cell gene expression, restoring mRNA expression to basal levels. Importantly, the lowering of SIRT3 levels with siRNA blocked these beneficial effects of NMN, with beta cell gene expression remaining at levels similar to those observed following incubation with TNFα and IL1β alone. These data imply that SIRT3 mediates the effects of NMN on beta cell gene expression, and that suppressed levels of SIRT3 are likely to lead to poor beta cell development and lower levels of insulin expression and secretion.
SIRT3 knockdown leads to increased beta cell levels of IL1β and mitogen-activated protein kinases We next sought to determine the mechanism of action by which SIRT3 affects beta cell function. We have reported above that cellular ROS levels were significantly increased in INS1 cells treated with Sirt3 siRNA (Fig. 4) . High ROS levels can induce increased IL1β levels through activation of mitogen-activated protein kinases (MAPKs) and nuclear factor κB (NFκB) [21, 35, 36] . We demonstrate here that SIRT3 knockdown increased beta cell /l; 72 h) . After 24 h, pro-inflammatory cytokines (TNFα 10 ng/ml, IL1β 5 ng/ml) and NMN (100 μmol/l) were added to the cells for the remaining 48 h, and (f) insulin secretion, (g) caspase 3 activity and (h) cellular ROS levels were measured. Fold changes (e, h) are relative to control, where control is 1. Data are expressed as mean ± SEM; *p<0.05, **p<0.01 and ***p<0.01 for differences between treatments. U, untreated levels of the activated MAPKs, phospho-extracellular signalregulated kinase (ERK) and phospho-c-JUN N-terminal regulated kinase (JNK) (Fig. 6a) . These changes occurred in parallel with increased levels of the mature form of IL1β (Fig. 6a) . To investigate whether these changes mediate the effect of SIRT3 knockdown, we investigated the effects on beta cell function of inhibiting MAPK and NFκB (NFκB reportedly mediates signalling between ROS, MAPKs and IL1β) [21, 36] . The inhibition of ERK signalling with UO126 (10 μmol/l; 2 h) did not reverse Sirt3 siRNA-mediated suppression of insulin secretion from INS1 cells (Fig. 6b) or on the blocking of NMN action by Sirt3 siRNA (Fig. 6c) . However, ERK inhibition did have some effects on the blocking of cytokine-mediated impairment of insulin secretion (Fig. 6d) . Thus MAPK activation can be induced in response to reduced SIRT3 levels, but appears not to be obligatory for the effects of SIRT3 knockdown in this system. In contrast, NFκB inhibition with BAY-7082 (20 μmol/l; 2 h) prevented Sirt3 siRNA from lowering insulin secretion, and from influencing the actions of exogenous NMN (Fig. 6b, c) and pro-inflammatory cytokines (Fig. 6d) . Thus, signalling through NFκB, which may occur as a result of increased ROS production, provides a likely signalling mechanism to mediate the effects of SIRT3 knockdown in beta cells.
Discussion
Mitochondrial dysfunction is a primary contributor to beta cell dysfunction in type 2 diabetes (18). SIRT3 is a key regulator of mitochondrial protein acetylation status [20, 37] , but the precise regulatory role of this enzyme has not been examined in pancreatic islets or beta cells. We report here that SIRT3 mRNA expression is suppressed in human islets isolated from type 2 diabetes patients (compared with islets from non-diabetic controls), as well as in mouse islets and INS1 cells exposed to chronic inflammatory conditions. These findings, together with results from our previous studies [10] and a recent report showing decreased SIRT3 levels in high-passage MIN6 cells [38] , prompted us to investigate the specific effects of SIRT3 knockdown in beta cells.
We report that SIRT3 plays a key role in the regulation of pancreatic beta cell function and in their protection from apoptotic cell death. Moreover, SIRT3 mediates many of the protective effects of NMN on beta cells exposed to chronic inflammatory conditions. Previous studies in other tissues have revealed that SIRT3 regulates ROS production, with lower SIRT3 levels associated with increased cellular ROS levels [21, 23, 39] . In agreement with this, we report that SIRT3 knockdown led to increased cellular ROS levels in INS1 cells. We also show that NMN can protect against pro-inflammatory cytokine-mediated increases in ROS levels and that this effect of NMN was also blocked upon SIRT3 knockdown.
ROS can exert toxic effects on beta cells [18] and loss of SIRT3-mediated regulation of ROS production could be a mechanism driving the beta cell dysfunction observed in this model. However, despite a likely role for increased ROS production, it is not possible from the present study to determine whether impaired insulin secretion following SIRT3 knockdown occurred as a result of a primary defect in insulin secretion or as a consequence of increased beta cell apoptosis. The precise mechanisms governing increased ROS production in INS1 cells are unclear; however, in different tissues, SIRT3 has been reported to alter the acetylation status of a number of proteins linked to ROS production [20, 23, [40] [41] [42] [43] .
Through exposure to pro-inflammatory cytokines and other stimuli, beta cells can synthesise IL1β and TNFα [7, 9] . This occurs in part through ROS-mediated activation of MAPKs (ERK, JNK and p38), which in turn activate NFκB with subsequent induction of IL1β. In the present study, SIRT3 knockdown increased levels of activated ERK and JNK, and, crucially, increased IL1β levels. This pathway was directly related to impaired beta cell function, since inhibition of NFκB, a key mediator of this pathway [21, 35, 36] , blocked the effects of Sirt3 siRNA on insulin secretion. We therefore propose that, during progression to type 2 diabetes, pro-inflammatory cytokines suppress SIRT3 production. This in turn leads to increased ROS-mediated induction of IL1β, and decreased beta cell function and mass (Fig. 6e) . In particular, IL1β has been reported to suppress expression of the key beta cell genes Pdx1 and Mafa [44, 45] , which play a crucial role in beta cell development and also function as transcription factors for other important genes, including Ins1 and Slc2a2 [31, 33, 34] . Consistent with a role for SIRT3 in the regulation of beta cell IL1β levels, knockdown of SIRT3 markedly reduced the expression of Pdx1, Mafa, Ins1 and Slc2a2, while the ability of NMN to reverse TNFα-and IL1β-mediated suppression of these genes was also blocked when SIRT3 levels were lowered. However, the situation in human islets may be further complicated by a significant SIRT3 presence in alpha cells as well as in beta cells. Further research is required to elucidate the precise role of SIRT3 in the alpha cell.
In addition to amplifying IL1β and ROS signalling, SIRT3 may also influence beta cell function and mass by other mechanisms, including deacetylation of Ku70 [46] and glutamate dehydrogenase [20, 47] , and the regulation of ATP production [41] .
Our previous studies have shown that, in mouse islets, SIRT1 appeared to account for about 50% of the protective effects of NMN [10] . We demonstrate here that SIRT3 also plays a key role in mediating the effects of NMN.
Interestingly, the present study demonstrates that SIRT3 mediates the majority of NMN effects, as opposed to the 50% or less that would have been expected by directly extrapolating from the mouse islet study. This discrepancy may arise from the use of INS1 cells in this study, which are particularly rich in mitochondria, or also because the use of a chemical SIRT1 modulator in the previous study may have resulted in nonspecific effects. Alternatively, the differences in responses to NMN may be due to as yet undetermined effects of SIRTs and NMN on other non-beta cell endocrine cells in the islet. Further studies are required to address the precise regulatory role of SIRT3 in islets and primary beta cells. However, given the similar qualitative effects of pro-inflammatory cytokines and NMN on mouse islets and INS1 cells, the present results certainly support a physiologically relevant role for SIRT3.
Interestingly, Sirt3 expression was marginally increased in islets isolated from HFD-fed insulin-resistant mice with mildly impaired islet function. Thus, SIRT3 may also play a role in mediating islet compensation of insulin resistance, such that only when SIRT3 levels decrease can impaired islet function and type 2 diabetes occur. Increased islet SIRT3 levels are consistent with other studies in skeletal (b-d) Data are mean ± SEM; n=6; *p<0.05, **p<0.01 and ***p<0.001 for differences between treatments. U, untreated muscle and liver, which reported increases in mitochondrial proteins, including SIRT3, in earlier stages of high-fat feeding [48, 49] . We also demonstrated marked reductions in SIRT3 levels in islets isolated from animals that had been fasted for 24 h. This is at odds with findings in liver, where SIRT3 levels increased following a 24 h fast [50, 51] . However, lower fasting SIRT3 levels in islets would be consistent with a co-ordinated response to fasting, whereby SIRT3 induces catabolic processes in liver, while lower SIRT3-mediated insulin secretion has a limiting effect on the insulin-mediated anabolic process.
To summarise, we propose that the decreased SIRT3 mRNA expression observed in islets isolated from human type 2 diabetic patients, and in mouse islets or INS1 cells exposed to chronic inflammatory conditions, may play a crucial role in beta cell dysfunction and type 2 diabetes, via increased cellular ROS levels, beta cell IL1β production and the onset of beta cell dysfunction. In addition, we show that many of the protective actions of exogenous NMN in beta cells are mediated by SIRT3. Thus, strategies to increase the enzymatic activity or expression of SIRT3 could lead to attractive therapies for type 2 diabetes.
